Campylobacter jejuni infection often results in bloody, inflammatory diarrhea, indicating bacterial disruption and invasion of the intestinal epithelium. Whilst C. jejuni infection can be reproduced in vitro using intestinal epithelial cell (IEC) lines, low numbers of bacteria invading IECs do not reflect these clinical symptoms. Performing in vitro assays under atmospheric oxygen conditions is neither optimal for microaerophilic C. jejuni nor reflects the low oxygen environment of the intestinal lumen. A Vertical Diffusion Chamber (VDC) model system creates microaerobic conditions at the apical surface and aerobic conditions at the baso-lateral surface of cultured IECs producing an in vitro system that closely mimics in vivo conditions in the human intestine. Nine-fold increases in interacting and eighty-fold increases in intracellular C. jejuni 11168H wild-type strain bacteria were observed after 24 hours co-culture with Caco-2 IECs in VDCs with microaerobic conditions at the apical surface compared to aerobic conditions. Increased bacterial interaction was matched by an enhanced and directional host innate immune response, particularly an increased baso-lateral secretion of the pro-inflammatory chemokine IL-8. Analysis of the invasive ability of a nonmotile C. jejuni 11168H rpoN mutant in the VDC model system indicates that motility is an important factor in the early stages of bacterial invasion. The first report of the use of a VDC model system for studying the interactions of an invasive bacterial pathogen with IECs demonstrates the importance of performing such experiments under conditions that represent the in vivo situation and will allow novel insights into C. jejuni pathogenic mechanisms.
Introduction
The Gram-negative, microaerophilic Campylobacter jejuni is one of the most common causes of foodborne bacterial gastroenteritis in developed countries (6) , with 500,000 and 2,500,000 predicted cases each year in the UK and USA respectively (27) . The predominant route of transmission is by consumption and handling of undercooked, contaminated poultry (20) .
Once ingested, C. jejuni can lead to symptoms ranging from mild, watery diarrhea to severe, bloody inflammatory diarrhea (1) . The majority of C. jejuni infections are self limiting, however infection with C. jejuni can potentially lead to post-infectious sequelae such as Guillain-Barré Syndrome, reactive arthritis and Inflammatory Bowel Disease (IBD) (8, 22, 38) .
Despite the prevalence of C. jejuni as a causative agent of gastroenteritis, knowledge of the molecular basis of pathogenesis and interactions with host cells is still very limited when compared to other enteropathogens such as Salmonella species, Yersinia species, Shigella species and pathogenic Escherichia coli (47) . This knowledge gap can in part be attributed to the lack of a convenient, reproducible small animal model system to study C. jejuni-host interactions (15) . Although several animal models have been used, each one has major drawbacks. Animal models using either ferrets (4) or Rhesus monkeys (40, 41) have been shown to closely mimic the disease observed in humans. However, the facilities required for the handling of such animals, the unavailability of host genetic manipulation techniques, as well as the relatively long generation time render these animals impractical for regular use in most laboratories. Chickens, as a natural host of C. jejuni, can easily be experimentally inoculated (13) . However, although both chicks and chickens have been successfully used in various studies (18, 24) , such studies reflect C. jejuni colonisation and the direct relevance of the chick and chicken models relating to human Campylobacteriosis is debatable. The model organism most frequently used to study human pathogens is the mouse. Indeed, experimental inoculation of mice with C. jejuni has been performed for nearly 30 years (7). However, differences in the mouse strains used, the pre-treatments of the mice, the routes of inoculation and the inoculation loads have resulted in findings as diverse as non-colonization, nonsymptomatic carriage or severe diarrhea (3, 8, 43, 48) . Knock-out mice models of C. jejuni enteritis using mice deficient in NF-B (19) , MyD88 (45) , interleukin-10 (33) and Nramp1 (9) have been reported. Additionally, infections of mice with limited enteric flora have also been reported (10) . The outcome of C. jejuni infection in these models differs between genetically engineered mice, suggesting that a robust, reproducible, "gold standard" mouse model for C. jejuni infection remains elusive and as such the C. jejuni research community has yet to adopt a defined mouse model for pathogenesis studies.
In the absence of a convenient, reproducible small animal model, tissue culture assays represent a useful alternative. C. jejuni has been shown to adhere to and invade various polarised and non-polarised intestinal epithelial cells (IECs) in vitro including the Caco-2 (16), INT 407 (31) and T84 (35) cell lines. However, the reported adhesion and invasion interactions of C. jejuni with IECs are minimal compared to other enteric pathogens, with often less than 1% of the starting inoculum recovered intracellularly following gentamicin protection assays (21) . This low level of adhesion and invasion does not correlate with the clinical presentation of C. jejuni infection in humans (21) . One explanation for these low adhesion and invasion levels is that co-culturing of C. jejuni with IECs is routinely performed under atmospheric oxygen conditions, as this is required for survival of the IECs. Even though the microaerophilic C. jejuni possesses several defence mechanisms against oxidative stress such as the SodB superoxide dismutase (39) and the KatA catalase (14) , it is likely that the bacterium will behave differently under atmospheric oxygen conditions than in the natural low oxygen environment of the intestinal lumen.
When the microaerophilic human pathogen Helicobacter pylori was co-cultured with epithelial cells with microaerobic conditions at the apical surface and aerobic conditions at the baso-lateral surface using a Vertical Diffusion Chamber (VDC) or Ussing chamber, the result was a significant increase in bacterial adherence under microaerobic conditions compared to aerobic conditions (12) . An increase in the expression of the H. pylori virulence factor CagA and changes in the host response were also observed (12) . However the VDC system has not previously been used to study an invasive enteric bacterial pathogen. The use of a similar VDC model system for C. jejuni infection of IECs will more closely mimic the in vivo situation and as such should allow more accurate investigations of host-pathogen interactions. In this study, a modified VDC system was used to allow the co-culture of C. jejuni with IECs under microaerobic conditions in the apical compartment, resulting in an eighty-fold increase in levels of bacterial invasion and an enhanced host innate immune response.
Materials and Methods

Bacterial strains and growth conditions
C. jejuni wild-type strains used in this study were 11168H and 81-176. 11168H is a genetically stable hypermotile derivative (28, 30) of the original sequenced strain NCTC11168 (37) . 11168H shows much higher colonisation levels in a chick colonisation model than the NCTC11168 strain (28) and is thus considered a better strain to use for hostpathogen interaction studies. 81-176 is a gastroenteritis isolate from a multistate outbreak from contaminated milk widely used for C. jejuni infection and human volunteer studies (5).
The C. jejuni 11168H rpoN mutant was obtained from the LSHTM Campylobacter Resource Facility (http://crf.lshtm.ac.uk/index.htm). C. jejuni strains were routinely cultured on blood agar (BA) plates supplemented with Campylobacter selective supplement (Oxoid, Basingstoke, UK) and 7% (v/v) horse blood (TCS Microbiology, Botolph Claydon, UK) at 37°C in a VAIN (Variable Atmosphere INcubator) microaerobic chamber (Don Whitley Scientific, Sheffield, UK) containing 85% N2, 10% CO2 and 5% O2. Appropriate antibiotics were added at the following concentrations; ampicillin (100 μg/ml), kanamycin (50 μg/ml) and chloramphenicol (50 μg/ml) for E. coli studies or (10 μg/ml) for C. jejuni studies. All reagents were obtained from Invitrogen (UK) unless otherwise stated.
Epithelial cell line and culture conditions
The human Caco-2 IEC line was cultured in Dulbecco's modified essential media (DMEM) supplemented with 10% (v/v) fetal calf serum (FCS; Sigma-Aldrich, Poole, UK), 100 U/ml penicillin, 100 μg/ml streptomycin and 1% (v/v) non-essential amino acids and maintained at 
Measurement of Caco-2 monolayer Trans-Epithelial Electrical Resistance in the VDC
The trans-epithelial resistance (TEER) of a Caco-2 monolayer in a VDC was measured by placing two voltage sensing AgCl electrodes close to the cell monolayer on each side of the insert, passing a current through two further electrodes placed at the two distal ends of the VDC and reading the voltage necessary to keep the current flowing. Resistance was calculated according to Ohm's law (R = V/I) and multiplied by the surface area of the monolayers (1.12 cm 2 ).
Enumeration of interacting bacteria and intracellular bacteria
At the desired time point of co-culturing, the apical and baso-lateral supernatants were 
Microarray analysis of C. jejuni 11168H gene expression profiles
Gene expression profiles of C. jejuni 11168H in the apical compartment of the VDC after coculturing with Caco-2 IECs for 6 h or 24 h under either aerobic or microaerobic conditions were analysed using an indirect comparison method or type 2 experimental design (46) .
Replicate test sets of Cy5-labelled C. jejuni 11168H total RNA samples were combined with a common reference sample (Cy3-labelled C. jejuni 11168H genomic DNA) using methodology described previously (23) . Whole genome C. jejuni NCTC11168 microarrays printed on UltraGAPS™ glass slides (Corning Lifesciences), constructed by the BμG@S Microarray Group (http://www.bugs.sgul.ac.uk/) were used in this study (29) . The microarray slides were scanned with an Affymetrix 418 array scanner (MWG Biotech, Ebersberg, Germany) according to the manufacturer's guidelines. Signal and local background intensity readings for each spot were quantified using ImaGene software v8.0 (BioDiscovery, El Segundo, USA). Quantified data were analysed using GeneSpring GX software v7.3
(Agilent, Santa Clara, USA). Statistically significant up-and down-regulated genes were selected when comparing 11168H gene expression under microaerobic conditions against aerobic conditions using ANOVA (ANalysis Of VAriance) with a Benjamini and Hochberg
False Discovery Rate as the Multiple Testing Correction (2, 11).
Complementation of the C. jejuni 11168H rpoN mutant
Complementation was performed by inserting a copy of the rpoN gene into the rpoN mutant chromosome using a C. jejuni NCTC11168 complementation vector (25) using previously described techniques (23 
Microarray data accession numbers
The array design is available in BµG@Sbase (accession No. A-BUGS-9;
http://bugs.sgul.ac.uk/A-BUGS-9) and also ArrayExpress (accession No. A-BUGS-9). Fully annotated microarray data has been deposited in BµG@Sbase (accession number E-BUGS-125; http://bugs.sgul.ac.uk/E-BUGS-125) and also ArrayExpress (accession number E-BUGS-125).
Results
Cellular distribution of actin and occludin within IECs is not affected by culture in a VDC with microaerobic conditions at the apical surface
Prior to using the VDC to co-culture C. jejuni and IECs with microaerobic conditions at the apical surface, the effect of these conditions on polarised IECs was determined. The morphology of Caco-2 monolayers after 24 h incubation in a VDC was analysed by confocal Compared to Caco-2 IECs, the levels of IL-8 secreted by T84 IECs in response to either 11168H or 81-176 were much higher under both microaerobic and aerobic conditions ( Figure   6CD ). However the highest levels of IL-8 secretion were into the baso-lateral compartment under microaerobic conditions, suggesting that analogous to Caco-2 IECs, T84 IECs respond to increased numbers of interacting C. jejuni by mounting an increased, polarised innate immune response.
Analysis of C. jejuni 11168H gene expression after co-culturing with Caco-2 IECs in the apical compartment of a VDC under either aerobic or microaerobic conditions
In order to investigate bacterial factors involved in the observed increased bacterial A C. jejuni NCTC11168 rpoN mutant is completely aflagellate, non-motile and unable to secrete the CiaB protein (17) . In this study a 11168H rpoN mutant exhibited lower numbers of interacting and intracellular bacteria compared to the wild-type strain when co-cultured with Caco-2 IECs in the VDC under either microaerobic or aerobic conditions after 6 h of coculturing. However lower numbers of intracellular 11168H rpoN mutant bacteria were recovered after co-culturing under microaerobic conditions. This is in contrast to the C. jejuni bacteria were assessed. * = p < 0.05, ** = p < 0.001.
